Abstract: A gram-negative Sphingomonas sp. strain A1 inducibly forms a mouth-like pit on the cell surface in the presence of alginate and directly incorporates polymers into the cytoplasm via the pit and ABC transporter. Among the bacterial proteins involved in import of alginate, a cell-surface EfeO-like Algp7 shows an ability to bind alginate, suggesting its contribution to accumulate alginate in the pit. Here, we show identification of its positively charged cluster involved in alginate binding using X-ray crystallography, docking simulation, and site-directed mutagenesis. The tertiary structure of Algp7 was determined at a high resolution (1.99 Å) by molecular replacement, although no alginates were included in the structure. Thus, an in silico model of Algp7/oligoalginate was constructed by docking simulation using atomic coordinates of Algp7 and alginate oligosaccharides, where some charged residues were found to be potential candidates for alginate binding. Site-directed mutagenesis was conducted and five purified mutants K68A, K69A, E194A, N221A, and K68A/K69A were subjected to a binding assay. UV absorption difference spectroscopy along with differential scanning fluorimetry analysis indicated that K68A/K69A exhibited a significant reduction in binding affinity with alginate than wild-type Algp7. Based on these data, Lys68/Lys69 residues of Algp7 probably play an important role in binding alginate.
Introduction
Alginate is a linear acidic polysaccharide composed of β-D-mannuronate (M) and α-L-guluronate (G) with the following three types of block arrangement: 2 polymannuronate (polyM), polyguluronate (polyG), and alternating random regions. 1 The polysaccharide is abundant in brown seaweeds as a major cell wall matrix, while certain bacteria are also reported to be employed in biological alginate production. 2 With its viscosity and gel-forming properties, alginate has drawn the attention of researchers on the aspect of their applications in food and pharmaceutical areas as food additives and drug carriers, respectively. 3, 4 Recent studies have also revealed the biological and physiological functions of brown seaweed-derived alginate oligosaccharides in stimulating human endothelial cells and in inducing plant growth. 5 Distinct from polysaccharides (e.g., starch and cellulose) obtained from terrestrial plants,
alginate is regarded as a potential marine biomass for biofuel production, since alginate is readily extracted from brown seaweeds at a mild alkaline pH and causes no serious competing interests for food stuffs. 6 For certain alginate-producing bacteria, for example Pseudomonas aeruginosa, alginate as a component of bacterial biofilm plays crucial roles during cystic fibrosis infection. 7 The biofilm produced by these bacteria contributes to protecting them from detrimental environments and confers drug resistance on the bacterial cells. Therefore, degradation and/or modification of alginate are considered to be important for biotechnological applications and for the medical treatment of biofilm-dependent infection.
Among alginate-assimilating bacteria, a gram-negative Sphingomonas sp. strain A1 is found to be distinctive, in which the bacterial cells directly incorporate the polysaccharide into the cytoplasm through a cell-surface mouth-like pit and a cytoplasmic membrane ABC transporter. 8, 9 The pit functions as a funnel for accumulating external alginates on the cell surface. The incorporated alginate is subsequently degraded by alginate lyases in the cytoplasm. Previous proteomic studies 3 on cell-surface proteins reveal their functions as follows: Algp5 and Algp6 are alginate receptors, Alp7 and Algp8 are alginate-binding proteins, and Algp1-Algp4 are putative ferric ion-chelated alginate transporters. 10 Genetically engineered strain A1 cells produce bioethanol from alginate.
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Clarification of alginate recognition mechanism by strain A1 is expected to construct modified bacterial cells with enhanced ability to produce ethanol. A cell-surface protein, Algp7, has been shown to have the ability to bind alginate at neutral pH, and is considered to function as an alginate concentrator in pits. 12 Based on its primary structure, Algp7 has been assigned to the EfeO family, and is encoded downstream of the efeUOB operon in the genome of strain A1. 13 A tripartite EfeUOB has been genetically identified to act as an iron importer at low pH in gram-negative bacteria.
14 EfeO has an N-terminal cupredoxin-like domain and a C-terminal M_75 peptidase-like domain; however, Algp7 lacks the cupredoxin-like domain at the N-terminus. 15 Therefore, Algp7 contains only the M_75 peptidase domain. The high affinity of alginate with iron suggests Algp7 may bind iron as well as alginate.
Of late, the crystal structure of Algp7 has been determined at 2.1 Å resolution; 15 however, little knowledge about the interaction of Algp7 with alginate has been accumulated. This paper reports the results of X-ray crystallography, computational modeling with site-directed mutagenesis, and spectrometry-based alginate-binding assays aimed at elucidating the relationship between the structure and function of the cell surface alginate-binding protein Algp7.
Results

Crystal structure of Algp7
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To gain structural insight into alginate binding by bacterial cell-surface protein, crystallization of Algp7 in the presence of various alginate-derived oligosaccharides, including G, GG, GGG, M, MM, and MMM, was performed. Previous evidence suggested that Algp7 can bind and release alginate polysaccharide, 12 although alginate polysaccharide, as a macromolecule, is thought to be unsuitable for co-crystallization. In this experiment, alginate oligosaccharides prepared using acid hydrolysis were used alternatively to provide Algp7 crystal in a complex with a ligand.
Algp7 was crystallized in a drop solution containing 10 mM of alginate oligosaccharide, and the crystal was formed for one week in a droplet containing mannuronate trisaccharide (MMM). Diffraction images were collected at up to 1.99 Å resolution, providing higher resolution than previously used for Algp7; nonetheless, no oligosaccharides were included in the crystal structure ( Table 1 ). The overall structure of Algp7 in this report corresponds well to the former determined structure (root mean square deviation, r.m.s.d. = 0.26), showing that the protein has two up-and-down four-helix bundles (Fig. 1A) . Though no atomic coordinates for the oligosaccharide were found for the present crystal structure, the Algp7 crystal diffracted to a higher resolution (1.99 Å) was obtained with a shorter time for crystallization (one week at 20°C). This result may be considered as a thermostability effect of oligosaccharides on the Algp7 molecule, reflected in improving the resolution of the crystal structure and reducing the time required for crystallization. To probe the binding site of alginate on protein Algp7, the following two ligands were selected: a trisaccharide (MMM) derived from AlgQ1/MMM and a tetrasaccharide (ΔM1-M2-G3-M4) from AlgQ1/ΔM1-M2-G3-M4. The atomic coordinates of the tetrasaccharide were excluded from AlgQ1/ΔM1-M2-G3-M4 (PDB ID: 1Y3P). A 6 tetrasaccharide with unsaturated mannuronate (ΔM) at the nonreducing terminus is obtained from alginate via an alginate lyase reaction but not via hydrolysis. 19 Each ligand was imported to Algp7 and the interaction between protein and ligand was calculated for the whole protein target using default parameters. In silico docking simulation resulted in three possible binding sites for alginate oligosaccharide, designated as models 1, 2, and 3 ( Fig. 1C-E) . Based on the constructed Algp7/oligosaccharide (tri and tetrasaccharide) models, the interaction of Algp7 residues with oligosaccharides via hydrogen bond formation is presented in Table 2 .
Computational modeling
Considering the list, charged residues Lys68, Lys69, Glu194, and Asn221 were found to be potential candidates for alginate binding. To test the validity of these predicted residues, site-directed mutagenesis of these four residues was then performed and the effect of each mutation on alginate binding was functionally characterized.
Characterization of Algp7 for alginate binding
To investigate the predicted residues involved in alginate binding, mutant Algp7
constructs were generated using site-directed mutagenesis. Lys68, Lys69, Glu194, and Asn221 were substituted with Ala to characterize the effect of charged side chains on alginate binding. In addition, a double mutant K68A/K69A was constructed to verify the effect of positively charged cluster on the molecular surface of Algp7 observed on the constructed model (Fig. 1C) . Mutant Algp7 constructs were expressed in E. coli cells with the same expression system as the wild type (pET44a-Algp7) and purified using the same procedures. The validation of the protein structure folding is described in the following section.
The alginate binding ability of the wild type and of each mutant construct of Algp7 was investigated using UV absorption spectroscopy, a spectroscopic technique for 7 observing UV absorption change accompanying ligand binding. This method is rapid, simple, and requires only a spectrophotometer for detecting UV absorption. To determine whether UV absorption spectroscopy is appropriate to measure protein/ligand interaction, the wild-type Algp7 was tested with several saccharides. A UV absorption change was observed when alginate was added to protein solution, whereas no significant change was detected when other acidic polysaccharides such as pectin and heparin were used ( Fig. 2A) . The results supported previously published data indicating that Algp7 specifically binds alginate. Determination of the dissociation constant Kd of Algp7 for alginate was then performed using the same experiment. UV absorption changes, presumably reflecting differences in the environment of the protein resulting from ligand binding, were used to follow the binding of alginate. Because spectral differences depending on alginate concentration gave a saturation curve, the dissociation constant Kd was determined by nonlinear curve fitting. The spectroscopic measurement revealed that Algp7 bound alginate with an estimated Kd of 7.19 × 10 −7 M at 30°C (Fig. 2B ).
Using this method, interaction between Algp7 mutants and alginate was examined to identify mutant constructs harboring a mutation at candidate amino acid residues identified by docking simulation. Replacement of a neutral side chain (Ala) at the positions of Lys68, Glu194, and Ans221 slightly affected UV absorption; however, Kd for alginate of the variants was comparable to that of the wild-type Algp7 ( 
Application of differential scanning fluorimetry for ligand binding analysis
Differential scanning fluorimetry (DSF) was performed to further investigate the interaction of Algp7 and its mutants with alginate derivatives. DSF is a method used to identify small-molecule ligands that bind and stabilize proteins. 20 The method uses a sensitive fluorescence dye (SYPRO Orange) to monitor the thermostability change of a protein associating with a ligand, and the midpoint of the fluorescence transition profile is defined as the melting temperature (Tm). Several papers describing the characterization using DSF analysis of interactions between proteins and saccharides have been published. 21, 22 Alginate-derived oligosaccharides prepared from G-rich alginate saccharides, G, GG, GGG, and GGGG, were used as substrate ligands. Algp7 was primarily examined for the ability to bind alginate derivatives at a range of concentrations of 0 to 100 mM, and the Tm of Algp7 in the absence and presence of ligands (alginate oligosaccharides) was determined as the inflection midpoint of the increase in the fluorescence profile. The change (ΔTm) in melting temperature obtained in the presence of ligands relative to that obtained in the absence of ligands were plotted against ligand concentrations (Fig. 3A) .
Only the Tm of GGG at the concentration of 100 mM could not be observed. The results demonstrated an increase in thermostability of Algp7 as the concentration of alginate-oligosaccharides was increased, suggesting a concentration-dependent effect of these oligosaccharides on the thermostability of Algp7.
Because DSF was suitable for evaluating the interaction between Algp7 and alginate 9 oligosaccharides, the ability of the double mutant K68A/K69A for alginate oligosaccharide binding was then examined. The K68A/K69A mutant was tested against G, GG, GGG, and GGGG at a concentration of 20 mM. In the presence of G and GG as ligand, no significant positive thermal shifts were observed in the fluorescence profiles of K68A/K69A mutant. In contrast, the fluorescence profile of the K68A/K69A mutant in the presence of GGG and GGGG clearly shifted to a higher temperature, but showed a significant decrease in ΔTm compared with wild-type Algp7 (Fig. 3B-D) .
Recently, the DSF method has been demonstrated to be applicable for not only ligand binding assay but also investigation of the protein structure folding. 20, 23 It is known that if a protein is not folded and/or is partially unfolded, no transition will be observed or high initial fluorescence intensity will be exhibited in the beginning stage of the denaturation curve. 20 However, there was no significant difference observed in the form of the fluorescence profile between the wild-type Algp7 and the double mutant K68A/K69A (Fig. 3C ), indicating that both proteins were properly folded and the alginate-binding ability of the mutant was influenced by mutation, not misfolding.
The DSF fluorescence profile and deduced ΔTm indicated that the ability of the K68A/K69A mutant to bind alginate-derived oligosaccharides significantly decreased compared with wild-type Algp7. These results suggested that Lys68/Lys69 residues may be significant for binding to alginate oligosaccharides. Although alginate was not used as a ligand in this experiment because of its interference in binding of dye to protein, the observed results were consistent with the UV absorption spectra.
Discussion
It is commonly believed that interaction between a charged polysaccharide and a 10 protein molecule is primarily driven by electrostatic forces. 24 The negatively charged acidic polysaccharides thus tend to have an ability to interact with positively charged region of protein molecule. Based on the constructed Algp7/alginate oligosaccharide complex model, charged residues Lys68 and Lys69 were found to be interesting because they are neighboring residues and can form a positively charged cluster on the Algp7 molecule. The loss of positively charged surface on the K68A/K69A mutant led to a decrease in the ability to bind alginate, as seen in the results from UV absorption difference spectroscopy and DSF. Protein/carbohydrate interactions have common features including the optimization of hydrogen bonds and stacking interactions between aromatic residues and pyranose rings of sugars. 25, 26 Lys68 and Lys69 were found to form hydrogen bonds with alginate oligosaccharide in simulations.
Furthermore, the nearby Trp187 residue was also observed to make contact with the face of the sugar ring (Fig. 1C, F) . In many reported protein/carbohydrate complexes, tryptophan residues are crucial for stacking interaction. This stacking interaction helps stabilize the complexes. 26 Protein is commonly measured at an optical absorbance of 280 nm. Three aromatic amino acid side chains, tryptophan, tyrosine, and phenylalanine are the important chromophores in the near ultraviolet, having a significant absorption band between 250 and 320 nm. 27 The spectral change derived from tryptophan has been used as a probe to monitor protein conformational change. 28 Algp7 has only one tryptophan residue at the 187 position; therefore, a UV absorption change derived from 
Conclusion
The interaction of strain A1 cell-surface EfeO-like protein Algp7 with oligoalginate was simulated. UV absorption difference spectroscopy and DSF using Algp7 mutants indicated that Lys68 and Lys69 residues probably play an important role in binding alginate. The negatively charged alginate seems to interact with this positively charged cluster.
Experimental
Materials
Sodium alginate and heparin sodium salt were purchased from Nacalai Tesque.
Pectin was purchased from Sigma-Aldrich. Synthetic oligonucleotides used for site-directed mutagenesis were purchased from Hokkaido System Science. KOD Plus Neo, dNTPs, and MgSO4 for PCR were purchased from Toyobo.
Protein expression and purification
Escherichia coli strain BL21(DE3) (Novagen) was used as a host for the expression of Algp7. E. coli cells were aerobically precultured at 30°C in Luria-Bertani (LB) medium 29 containing 0.1 mg/mL sodium ampicillin to an optical density at 600 nm Tris-HCl (pH 7.5) overnight, and the dialysate was used as purified Algp7. The protein sample was analyzed using SDS-PAGE 30 to confirm homogeneity.
Crystallization and X-ray diffraction
Algp7 ( X-ray diffraction images were collected with a Quantum 315 charge-coupled device detector (ADSC) and synchrotron radiation at a wavelength of 1.00 Å at the BL-38B1 station of SPring-8 (Japan). The diffraction data were processed using HKL2000. 
Structure determination and refinement
The crystal structure of Algp7 was determined through molecular replacement with Molrep 32 supplied in the CCP4 interface program package 33 using previously determined coordinates of Algp7 (PDB ID: 3AT7) as an initial model and refined with PHENIX. 34 Randomly selected reflections (5%) were excluded from refinement and 13 used to calculate Rfree. After each refinement cycle, the model was manually adjusted using WinCoot. 35 Water molecules were incorporated where the difference in density exceeded 3.0 σ above the mean, and the 2F0 − Fc map showed a density of more than 1.2 σ. Figures for protein structures were prepared using PyMOL. 36 Coordinates used in this work were taken from PDB of the Research Collaboratory for Structural Bioinformatics. 
Preparation of alginate derivatives
M-and G-rich saccharides were separated from seaweed alginate as described previously. 38 M-and G-rich alginate oligosaccharides were prepared by acid hydrolysis and gel filtration. The content of G in G-rich saccharides seems to be over 90%. 21 In brief, G-rich saccharides (0.3% solution) were hydrolyzed with 7 mM HCl at 100°C for approximately 20 h. After neutralization with NaOH, the solutions were lyophilized and loaded onto gel filtration columns [Biogel P-2 column (1.5 × 140 cm); Bio-Rad].
Hydrolyzed oligosaccharides were separated and purified to each saccharide; monosaccharide (G), disaccharide (GG), trisaccharide (GGG), and tetrasaccharide (GGGG). The alginate oligosaccharides were confirmed as homogeneous using thin-layer chromatography (TLC) developed with a solvent system of n-butanol/formic acid/water, 4:6:1 (v/v). 39 The TLC plates were visualized by heating at 110°C for 5 min after spraying with 10% (v/v) sulfuric acid in ethanol. M-rich oligosaccharides (monosaccharide, M; disaccharide MM; trisaccharide, MMM) were prepared by the same process.
Molecular modeling
Three-dimensional structures of proteins were obtained from PDB (PDB ID: 3AT7 
UV absorption spectroscopy
Interactions between proteins and polysaccharides (alginate, heparin, and pectin)
were evaluated using UV absorption spectroscopy. UV absorption spectra accompanying ligand binding were observed at pH 7.5 [10 mM sodium 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)] and 30°C with a Shimadzu UV-2600 spectrophotometer.
DSF
Binding analysis between proteins and alginate-derived oligosaccharides was The change of fluorescence emitted from SYPRO Orange upon binding to the denatured 15 protein was monitored using a filter provided in the PCR instrument (excitation at 492 nm and emission at 610 nm). The temperature of the heating cycle was increased from 25°C to 95°C in 0.5°C increments (10s/cycle) for a total of 141 cycles. The obtained fluorescence data were collected and the midpoint of the first derivative of the relative fluorescence unit (RFU) curve was calculated to provide the Tm using the software installed on the instrument.
Site-directed mutagenesis
Mutations of Algp7 were constructed by PCR on the pET44a-Algp7 plasmid (template) with overlapping primers containing the mutation. After temperature cycling, the original plasmid was digested with DpnI, and the PCR mixture was then transformed into E. coli cells. After isolation of the plasmids, the mutations were verified using DNA sequence analysis and then transformed into E. coli cells BL21(DE3) for protein expression in the same way as the wild type.
The primers used in the experiment were as follows: 
Accession codes
Complete crystallographic data for the structural analysis have been deposited with the Protein Data Bank, PDB: 3WSC. mutants. Algp7 mutants were tested with alginate at pH 7.5 (HEPES-NaOH).
(rhombus; Algp7, plus; K68A, circle; K69A, square; E194A, triangle; N221A, multiple mark; K68A/K69A) Table 2 Hydrogen bond-forming residues and close contact residues with ligand from in silico Candidate amino acid residues for alginate binding are shown in bold.
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